We present the results of the search for a correlation between giant radio pulses (GRPs) at 1.4 GHz and hard X-rays at 15-75 keV from the Crab pulsar. We made simultaneous ground and satellite observations of the Crab pulsar over 12 hours in three occasions in April 2010, March and September 2011, and got a sample of 1.3×10 4 main-pulse phase GRPs. From these samples we have found statistically marginal enhancement (21.5%, 2.70 σ) of hard X-ray flux within ± 1.5 degree phase angle of the synchronous peak of main-pulse phase GRPs. This enhancement, if confirmed, implicates that GRPs may accompany plasma density increases in the pulsar magnetosphere.
Introduction
Giant radio pulses (GRPs) are a special, distinctive class of pulsar radio emission. The duration of GRPs is short (from nanosecond to millisecond), and their brightness temperatures sometimes exceed 10 41 K [1] . While more than 2000 pulsars have been found so far, only less than 1% of these pulsars are known to emit GRPs [2] [3] [4] .
The Crab pulsar, PSR B0531+21, is the most studied pulsar of those which emit GRPs. GRPs from the Crab pulsar have been observed from 20 MHz [5] to 15.1 GHz [6] . They occur at the two phases of normal radio pulses, namely the main-pulse (hereafter MP) phase and the interpulse (hereafter IP) phase [7] .
In wide frequency ranges the Crab pulsar emits pulses. Among them, coherently emitted pulses at radio frequencies (both normal and giant), had been thought to be independent from those at higher frequencies (infrared, optical, X-ray, and gamma-ray), since the latter are originated in incoherent processes. However, Shearer et al. [8] discovered that optical pulses from the Crab pulsar show the significant 3% (7.8 σ) increases synchronously with MP GRPs, proving that there is some interplay between the emission mechanisms for pulses at radio and other frequencies. Table I shows the summary of correlation studies between GRP and pulses at other frequencies from the Crab pulsar. Except for the optical study stated above [8] , the previous studies [9] [10] [11] [12] set only upper limits for the enhancement synchronous with GRPs. The hard X-ray energy range (the third line in Table I ), where no correlation study based on simultaneous observations has been reported to our knowledge, is a target of our study. We obtain statistically marginal enhancement (21.5%, 2.70σ) as described in the following sections.
Observations
Simultaneous observations of the Crab pulsar both at radio (1.4 GHz) and X-ray frequencies were made on 2010 April 6, 2011 March 22 and 2011 September 1-2 (Table II) . The radio data were acquired by the 34-m Kashima radio telescope (in April 2010 and September 2011) and by the Usuda 64-m radio telescope (in March 2011). Following the standard procedure for the radio pulsar observation [13] , we dedispersed the radio signals, removed radio frequency interferences (RFIs), and then identified GRPs at MP phases above the signal-to-noise ratio of 5, where the noise level is dominated by the nebula radio emissions of ∼ 1 kJy. The X-ray data were acquired by the hard X-ray detector (HXD) aboard the Suzaku satellite [14] . In what follows, we focused on the correlation study of MP GRPs with the X-ray data (15-75keV). Figure 1 shows the results of superposed epoch analyses, where the red points shown with statistical errors represent the accumulated hard X-ray photon counts over the 3 spin periods, for which the timing of the MP GRPs is set at the spin phase φ= 0.5. The spin phase of −1 ≤ φ < 0.5 (0.5 < φ ≤ 2) Table II . Summary of the radio and hard X-ray observations. The values of the dispersion measure, DM, used in the dedispersion procedure for the radio signals are tabulated in the third column. corresponds to the 1.5 pulse intervals preceding (following) the MP GRP detections. The photon counts were accumulated in each of 1/120 period phase bins (namely, bins with a 3-degree phase angle width). In Figure 1 we repeat three times the averaged hard X-ray pulse profile obtained with normal (namely, non-GRP) radio pulses (a black curve) so as to facilitate the search for the difference, if any, between X-ray pulse profiles during GRP and non-GRP intervals. It is seen that the X-ray profile has statistically marginal enhancement (21.5%, 2.70 σ) above the average profile in one bin at phase φ = 0.5. By varying the size of bins, we investigate how the significance of the enhancement depends on the choice of the bin size: While the enhancement tends to be smeared out as the bin size is widened (>3 degrees), the X-ray photon numbers become too few and their fluctuations grow as the bin size is narrowed (<3 degrees). Thus observing the reduction of the statistical significance on the both sides of the bin size, larger or smaller than 3 degrees, we tentatively conclude that the statistically 'best' choice of the bin size is 3 degrees for the present X-ray data sets where photon numbers are limited.
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